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Abstract 

Models with composite singlet neutrinos can give small Majorana or Dirac masses to the active 
neutrinos. The mechanism is based on the fact that conserved chiral symmetries give massless neu- 
trinos at the renormalizable level. Thus, they acquire very small masses due to non-renormalizable 
terms. We investigate such models in two aspects. First, we find UV completions for them and 
then we investigate the possibility of giving leptogenesis. We find that these models offer new pos- 
sibilities for leptogenesis. Models with Majorana masses can exhibit standard leptogenesis. Models 
with Dirac masses can provide a realization of Dirac type leptogenesis with mass scale that can be 
as low as lOTeV. 
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I. INTRODUCTION 



In recent years it has become clear that neutrinos have very small masses and that they 
mix. The origin of these masses is still an open question. The see-saw mechanism is probably 
the most elegant explanation for small neutrino masses. The idea is to add heavy Majorana 
right handed (RH) neutrinos to the theory. These added particles give very small Majorana 
masses to the active, Standard Model (SM) neutrinos. The see-saw mechanism has one more 
virtue: it provides an elegant mechanism to explain the observed baryon asymmetry in the 
universe. The idea of this mechanism, called Leptogenesis (LG) l|, is that the heavy RH 
neutrinos that drive the see-saw also generate lepton asymmetry when they decay. Part of 
this lepton asymmetry is transformed into the observed baryon asymmetry of the universe 
(for a review see 

While the see-saw mechanism is very simple and successful, it is not the only way to 

ight neutrinos that 
J. The basic idea 



explain the observed small neutrino masses. Another idea for getting 
has not been widely discussed is that of composite RH neutrinos [3| 
is that there exists a new sector with strong dynamics at a scale A. The confinement in 
this sector leaves some chiral symmetries exact and produces massless composite fermions. 
The only interaction between the preons of the new sector and the SM sector is via heavy 
messengers with large masses of order M. Then, the Yukawa coupling between the LH and 
RH neutrinos is suppressed by powers of the small factor A/M. This can give a natural 
explanation for small Dirac or Majorana neutrino masses. 

In this article we further investigate the composite RH neutrino idea. First, we find 
UV completions for models that give Dirac or Majorana neutrino masses. We then study 
how these full models can give LG. We find that it exhibits interesting LG possibilities. In 
particular, it can have see-saw like LG and a low mass scale Dirac LG. 

In the next section, we give a brief review of the composite RH neutrino idea of ref. 
We find UV complete theories in section HI for both Dirac and Majorana neutrinos where the 
new particle content is given, and the experimental constraints are discussed. In section IV, 
we study LG possibilities in the model. When the temperature T is below the confinement 
scale, T <^ A, and the RH neutrinos are heavy, the composite structure of the RH neutrinos 
cannot be probed and standard LG become possible (IV. A). When T ~ M ^ A, the preons 
are asymptotically free and standard LG cannot work. In the case of Dirac neutrinos, the 
decay of heavy messengers gives a realization of a low energy Dirac LG (IV.B). In section 
V we conclude. A detailed calculation of the effective couplings is given in Appendix A. 
The experimental bounds on the masses and couplings of the new fields arising from lepton 
flavor violating processes are given in Appendices B and C. 
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II. COMPOSITE RIGHT-HANDED NEUTRINO 

We first review the idea of composite rigfit-lianded neutrinos [s^. Consider a new strong 
sector sucli tliat all the new fields are SM singlets. Like QCD, where the interaction becomes 
strong at a scale Aqcd, the new sector becomes strong at a new scale A. Unlike QCD, how- 
ever, we assume that the confinement in the new sector keeps some of the chiral symmetries 
unbroken. In that case, massless composite fermions are generated since they are required 
for anomaly matching of the unbroken chiral symmetries. 

The view point in pi] is that of an effective field theory where the model is a low energy de- 
scription of a more fundamental theory. In that case one needs to include non-normalizable 
operators that are suppressed by some high energy scale M. We can think about such oper- 
ators as emerging from integrating out heavy fields. That is, it is assumed that the "preons" 
in the new sector interact with the SM fields through "messengers." The messengers are 
fields that are charged under both the SM and the preon sector, and are assumed to be very 
heavy, with the mass scale M ^ A. After confining dynamics occur, the couplings between 
the composite fermions and the SM fields are naturally suppressed by powers of the small 
ratio A/M. In particular, the fact that the coupling between the composite and SM fermions 
are suppressed makes the composite fermions candidates to be light RH neutrinos. 

The work of Ref. [sl is a well known example of a model and strong dynamics with 
unbroken chiral symmetries. The model is based on an SU(n + 4)(7 gauge group with a single 
antisymmetric tensor A and n antifundamentals tpf (with / = l..n). Below the confinement 
scale the theory is described by n{n + l)/2 massless composite "baryons" Bjf = Bfj = 
ipfAipfr. These baryons are identified with the RH neutrinos. 

In this work, we focus on the n = 2 case, that is a model with a gauge group SU(6)c. 
This model has three massless baryons that can give mass to the three SM neutrinos. These 
baryons are connected to the SM neutrinos through higher dimension operators suppressed 
by the high mass scale M. The lowest dimension operator of interest is 

^" ' ^3 = ^" '^'B,f,LlH, (1) 

where i = 1,2,3 runs over the three SM generations and we define 

A i^jA*ipf> ~ , 

^-M' H^^a^H*, (2) 

such that Bff are the canonically normalized baryon fields. If lepton number is a good 
symmetry of the model, the term in ([1]) generates Dirac masses to the SM neutrinos 

nil, = Ae^f , (3) 

where v is the Higgs vev and flavor indices are suppressed. 



3 



We can also include lepton number violating terms in the theory. Then we have the well 
known see-saw term 

LiLjHH 



Vij- 



M 



In addition, there are new terms involving the composite fermions 



{'4^fMf'){'4^gMg') ^ yr,gg'Me^ 



M5 



Bff'Bgg'. 



(4) 



(5) 



The neutrino mass matrix is now a 6 x 6 matrix that in the {L^, Bff/) basis is given by 



yv^/M Xe^v 



(6) 



where flavor indices are implicit. Diagonalizing the matrix and assuming that all the dimen- 
sionless couplings are order one we get 

,2 



"^i' ~ 77' rriM ^ e M, fc^L/j ~ mm J ,J 

M \ V mjv V 



(7) 



irLjj and mj^ are, respectively, the LH and RH neutrino masses, and O^r are the mixing 
angles between the LH and RH neutrinos. 

We learn that composite RH neutrinos can naturally give small neutrino masses. They 
can be Dirac masses, eq. Q, or Majorana masses, eq. ([7]). 



III. THE UV COMPLETE THEORY 

In [si] a low energy effective theory approach was used. In this section, we give UV 
completions of the models studied in [3|. In HI. A, we present the particle content. In III.B, 
the interactions relating to the new flelds are listed and the number of physical parameters is 
discussed. In III.C, we obtain bounds on the parameters from /i — 67 and muon-conversion 
experiments. In Appendix. A, we show how the coupling of eqs. ([1]) and ([5]) are obtained 
by integrating out the heavy fields of the UV complete theory. 



A. Particle Content 

We consider the case of an SU(6)c7 gauge symmetry in the preon sector. As we mention 
before, this gives three composite neutrinos. The generalization for models with a larger 
symmetry is straightforward. The minimum particle content of this model is listed in Table 
m In the table we identify representations by their dimension. In the SM sector, jL^ and 
are lepton and Higgs doublets carrying SU(2)i;, index a = 1,2 while iEr is an SU(2)£, 
singlet. L and E carry generation index i = 1,2,3. 
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TABLE I: The fermions and scalars of the SU(6)c model. We divide the particles into four groups. 
From top to bottom: the SM fields, the messenger, the preons and the optional lepton number 
violating Majorana fermion. 

There are two types of fermions in the preon sector. The first fermion, fipa^ is a funda- 
mental under SU(6)c that carries a flavor index / = 1,2 and SU(6)c index, a = 1,2, ...,6. 
The other fermion, Aah^ is a second rank antisymmetric tensor, that is it belongs to the 
(0,1,0,0,0) representation of SU(6). Composite fermions are made of these two types of 
fundamental fermions. 

Aside from the fermions we also need scalars that connect the fermions to the SM fields. 
One scalar, g^^bi ^ heavy messenger, as it is charged under both the SM and preon gauge 
groups. It carries a generation index = 1,2 (as discuss below, this is necessary for LG) 
and transforms as a second rank antisymmetric tensor under SU(6)c and as a fundamental 
under SU(2)i. The other heavy scalar, $^6, used for connecting two ■^'s together, transforms 
as a second rank antisymmetric tensor under SU(6)c- The mass scale of both heavy scalars 
is M, which is assumed to be much larger than the preon confinement scale A. 

Lastly, in models with lepton number violation we need one more field that breaks lepton 
number. This field, is a SM singlet, and can be either a singlet or a 189 of SU(6)c- 
[The 189 of SU(6) is (0, 1, 0, 1, 0).] Here A; = 1, 2 is the generation index, which is needed, 
as discuss below, for LG. 

There are three accidental symmetries for this model, U(1)l, U(l)ps, and SU(2)^. U(l)i 
is the SM lepton number L. It is exact in the model without N, but broken when the 
Majorana field N is included. U(l)p5, where "ps" stands for "preon sector", corresponds to 
a preon sector charge, Qpg. Only preons and heavy scalars carry such charge. SU(2)^ is a 
symmetry due to the antisymmetry of the ip field and correspond to flavor rotation between 
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the two flavors of ip. Only ifj is charged under this symmetry. 



B. Interactions 

We move to discuss the renormalizable interaction terms of the model. The SM Yukawa 
interactions 

Y^jLiHEi + h.c, t,j = 1,2,3, (8) 

are well known, and we do not discuss them any further. We only recall that the Yukawa 
couplings, Yfj, contain 9 complex parameters. 
There are mass terms for the new scalar fields 

M'n.A^,' + M|$t<f . (9) 

Here M| is a dimensionfull coupling with 1 real parameter, and is a 2 x 2 hermitian 
matrix with 3 real and 1 imaginary parameters. We assume that all new masses are of the 
same order, ^ Ml ^ M^. 

There are also interaction terms that involve the new fields. In both the L-conserving 
and L- violating models, the following terms are the most relevant to our study 

F^^AfitL, + h.c, (10) 

MgH^^^^g + h.c, (11) 

y}j,V'/$V/' + h.c. . (12) 

These couplings generate the effective Yukawa interaction of ([1]) via the diagram in Fig. [1^ 
(see appendix A). The coupling Y^^ is a general 2x3 matrix containing 6 real and 6 imagi- 
nary parameters. Mg corresponds to two dimension full complex coefficients with g = 1,2. 
We assume that each of the elements of Mg is of order M. The coupling 1^^/ is a 2 x 2 
antisymmetric matrix with 1 complex parameter (see appendix A). 

In the L- violating case we include the field. The relevant couplings include a Majorana 
mass term 

M^kk'NkNk', (13) 
where we assume Mn ~ M, and interaction terms 

y^^^UATfc + h.c. . (14) 

The mass term fll3l) and the interaction term (HM are included for the two possible repre- 
sentations of A^, the singlet and the 189. These two terms generate the L-violating term of 
eq. ([5]) through the diagram in Fig. [T]d. If A^ is a singlet under all the gauge symmetries, an 
additional coupling 

ygH^UNk + h.c, (15) 
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A A 




FIG. 1: The diagrams that generate the effective coupUngs of the model, (a) generates the Yukawa 
couphng of eq. ([1]) and ih) the L- violating term of eq. 

exists. This term is the usual Yukawa couphng in the see-saw mechanism. Together with 
the mass term of f|T3|) it generates the usual see-saw term for the light neutrinos. 

Aside from the couplings relating to neutrino masses and LG, there are couplings that 
connect the new scalars to the SM Higgs field 

X'^^I^H^QgH^ng, + h.c., X'^^^H^HnlQg,, X'^H^H^^^. (16) 

These couplings result in having a Higgs mass much above the weak scale unless they are 
fine-tuned. This is the usual fine tuning problem of the SM. In this work we do not try to 
solve this problem, we just assume that there is a solution. Thus, in the following we assume 
that the couplings in f|T6|) vanish. 

Next we count the number of physical parameters in the various models. In particular, 
it is important to show that there are CP violating phases in the couplings that we used for 
LG. We start with the L-conserving model. The parameters of the model discussed above 
introduced 22 real and 19 imaginary parameters. The counting is summarized in Table [Tll 
Not all of these parameters, however, are physical. In order to count the number of physics 
parameters we need to see how many global symmetries are broken by the new terms. The 
global symmetry breaking pattern is 

U{3)l X U{3)e X U{1)a X U{2)^ x U{2)n x U{lU ^ U{1)l x [/(l)^, x SU{2)^. 

Thus, we can eliminate 7 real and 16 imaginary parameters corresponding to the broken 
generators. This leave us with 15 real and 3 imaginary parameters. It is convenient to work 
in a basis where all mass parameters are real and diagonal. In that basis the three CPV 
phases are in Y^. Note that if we had only one generation for Q there would be no CPV in 
the model. 

When including the field there are more parameters and two more broken global 
symmetries, U(2)7v and U(1)l. The global symmetry breaking pattern becomes 

U{3)l X U{3)e X U{1)a X U{2)^ x U{2)n x f/(l)$ x f/(2)^ ^ f/(l)p, x SU{2)^. 
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2+2 
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TABLE II: Parameter counting. We divide the couplings into three groups: For the L-conserving 
model, we only have the couplings in the first group. For the L-violating model, if is a 189, 
we have the couplings in both the first and the second group. When is a singlet, we have all 
the three groups. For each coupling we list the number of parameter as well as the number of 
parameter in our "physical" basis choice. We list separately the number of real and imaginary 
parameters. 



We then eliminate 8 real and 20 imaginary parameters corresponding to the broken genera- 
tors. When is a 189, there are 19 real and 4 imaginary parameters in the theory. When 
is singlet, the model has 25 real and 10 imaginary parameters. 



C. Experimental Bounds 

One potential issue with the full model is the contributions of the heavy particles to 
rare processes. The effect of new SM singlets is quite small as they do not couple to SM 
fields. The messenger, however, can have significant effect as it charged under the SM gauge 
group. Here we study the most significant bounds. They arise from /i —>■ ej, muon electron 
conversion in nuclei, and cosmology. 

Starting with /i e'j, see Fig. |3l In the appendix we calculate the decay rate, eq. (lB12p . 
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Comparing it to the experimental bound [6j 

5r(/i ^ eX) < 1.2 X 10"^\ (18) 

we obtain a lower bound 

M > 10\Y^\ TeV. (19) 

For coherent muon electron conversion in nuclei (Fig. H]), the theoretical expression is 
estimated in the appendix, eq. (1C6I) . 



The experimental bound on the branching ratio is 0] 

5r(/i e) < 1.7 x lO^^l (21) 
Comparing the theoretical prediction with the experimental data we get a bound on M 

M > 10|y^| TeV. (22) 



which is the same as the one we get from — 67, ( fT9|) . 

Aside from the constraints coming from particle physics, constraints from big-bang nu- 
cleosynthesis (BBN) can be strong when the RH neutrinos have Dirac masses. The reason 
for this is that the three extra light modes can be populated before BBN. Then the energy 
density, which depends on the number of relativistic particles, would be different from the 
SM one. This difference affects the observed ratio of primordial elements. 

The number of light degrees of freedom is parameterized by the number of neutrinos. 
The most stringent bound coming from BBN and CMB data implies < 3.3 at 95% CL 
js], that is, the effective contribution of the RH neutrinos can account for as much as 0.3 of 
one active neutrino. 

This bound rules out any model where the RH neutrinos are populated at the same 
temperature as the SM ones. Yet, if the temperature of the RH sector is lower, the model 
is viable. The point is that the contribution to the energy density scales like (where T is 
the temperature). Explicitly, the energy density of the SM sector (with temperature Tsm) 
and the three light composite neutrinos (with temperature Tcn) is given by (9| 

P = ^( 9*TIm + ^ X 3 X 2 X T^^ ), (23) 

where 5^* ~ 11 is the effective number of degrees of freedom in the SM sector (including three 
massless LH neutrinos). Requiring that the RH neutrinos contribute less than 0.3 active 
neutrinos is equivalent to the condition 

3T^^ < 0.3T|^ ^ Tcn < 0-5 Tsm- (24) 
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We learn that we need the composite neutrino temperature to be less than about half of the 
SM one in order to satisfy the energy density constraint from BBN. 

Next we compare the temperature of the two sectors. The preon confinement scale, A, 
is larger than the EW scale. Therefore, the light composite neutrinos decouple from the 
thermal bath at T ~ A which is before the EW phase transitions. Thus, the temperature of 
the composite neutrinos is different than that of the active one. The temperatures ratio is 
inversely proportional to the ratio of scale factors, Tcn = (oj/a/) A. The temperature in the 
SM sector, however, is not just inversely proportional to the scale factor, but is higher than 
this due to the decrease in the number of degrees of freedom. The total number of degrees 
of freedom in SM sector is ~ 106 when T = A but becomes ~ 11 when T = Tsm just 
before BBN. Making the conservative assumption that the EW phase transition is of second 
order and thus gives no latent heat, the equality between the initial and the final entropies 
in SM sector gives 

106 X X A^ = 11 X aj X Tl^ Tcn ^ 0A7Tsm, (25) 

which satisfies the BBN bound fl2^ . When the SM is extended to include extra fields (like 
in the MSSM) or when the EW phase transition is first order, Tqn/Tsm is even smaller and 
thus also satisfies the BBN bound. 

IV. LEPTOGENESIS 

As has been discussed, one phenomenological use of the composite model is the realization 
of leptogenesis. In this section we discuss two LG possibilities corresponding to different 
reheating temperatures and particle contents. First, we study a model with L- violating 
interactions and low reheating temperature, T, that is, T <^ A. In this model, standard LG 
from decays of the heavy composite RH neutrinos is possible. Second, we study a Lepton 
number conserving model with T ^ A. We can have a realization of Dirac type LG where 
the new fields can be as light as 10 TeV. 

A. Standard leptogenesis 

Consider the L-violating model with T <^ A. In this case, the preon sector is in its 
confining phase, and the effects of the interior structure of the RH neutrinos cannot be 
probed. The model looks like the standard see-saw model, and thus we should check if we 
can get standard LG in that case. 

Using Eq. ([7]), assuming that all dimensionless couplings are 0(1), and setting the active 
neutrino mass to iriy ~ 10~^ eV, the composite RH neutrino mass is of order 

niN ~ lO^^e*^ GeV. (26) 
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We define the standard two parameters ^ 



" . (27) 

T=mN ^ ' 



m = Svr — —Td, m* = Stt — —H 



cay 

I 



They represent the particle decay and the universe expansion rate relating to LG. The 
baryon asymmetry is estimated 



Y^B - ^^T^H^Laa X r/, X C ^ IQ-^ X X 5^, (28) 

^'^ 9* a 

where a is a flavor index, ~ 106 as in the SM, and rja is the efficiency factor of LG under 
various washout effects. In the weak washout regime (m <^ m^), we have rj ^ m^/m^, while 
in the strong washout regime (m 3> m^,) we have t] ~ m^/rfi. We use here the SM value, 
C ~ 12/37, to characterize the sphaleron effects that convert L-number into B-number. 
For the sake of simplicity, we ignore flavor effects, as they are not changing the order of 
magnitude of our results. (For a review of flavor effects see, for example, [2].) 

Similar to standard LG, the asymmetry el in this case (with Yukawa coupling Ae^) is 
given by (with yn = Mj/Ml) 

r(iV, -> LH) - r(7V„ ^ LH*) 



^ Laa — 



V{Na ^ LH) + r(Ar„ ^ LH*) 



Xm[(AAt)^,]. 



1 - (1 + Vn) In 



Vn 



^ ^A^e^ (29) 



Note that we explicitly kept the 0(1) coupling A in order to demonstrate where the CP 
violating phase arises. Using the neutrino mass condition, (l26l) . the RH neutrino decay rate 
can be written as 



6 2 

e 13 '^N 



r ^ —niN ~ lO^^TFTT- (30) 
Svr |TeV 

The expansion rate at the time of decay is given by [9| 

H\T^m^ - 10-^^;^. (31) 

Since T ^ H, the decay is in the strong washout regime. The baryon asymmetry is therefore 

Y^B ^ lO-'sL ~ 10-^6^ (32) 

Comparing to the observed value, Yab — 10^^°, we find that the following range of param- 
eters lead to successful leptogenesis: 

niN ~ 10^° GeV, e ~ lO'S M ~ 10^^ GeV, A ~ 10^^ GeV. (33) 

These parameters correspond to a high energy LG scenario which gives the observed values 
for rriu and Fab- 
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FIG. 2: The 0, decay process that gives the L-asymmetry. 



B. Dirac-type leptogenesis 



Next we move to study the T ^ A case. Then the preons are asymptoticaUy free and we 
perform all the calculations at the preon level. Since we care only about rough estimates 
we do not include SU(6)c radiative corrections. Here we study the L-conserving model. 
We get L-number conservation by not including the heavy Majorana fermion A^. Below we 
show that in that case the decay of the heavy messenger Q gives a realization of Dirac-type 
LG 

The idea is as follows. When T ~ M, the decay of Q and Q gives different L and L in the 
final state. Yet, the decays also generate exactly the same difference between the number 
of A and A. Since L and A carry opposite lepton numbers, the total lepton number is zero. 
Yet, each sector (L and A) carry finite and opposite lepton number. Since the equilibrating 
rate is smaller than the expansion rate, the L-number is preserved in each sector. When 
the EW phase transition occurs, sphaleron processes only affects L and L, but not A and 
A. Thus, the sphalerons convert part of the L-number stored in the leptons into B-number. 
We can end up with positive B-number and negative L-number in SM sector. Since we only 
observe the B-number of the universe this mechanism can be valid. 

Specifically we consider the decay Q — > LA (Fig. [2]). The asymmetry between this decay 
and its conjugate process comes from the interference between the tree level and the one 
loop diagrams. It is given by 



en. 



T{nj ^ AL) - T{nj AL) 
T{Clj AL) + T{nj AL) 

1 Mf - M| (MjMk\ Im{{Y^^Y^)jk) P _M 



r = 



SnM]-Ml\ M] ) {Y^^Y^)jj Svr' M 



(34) 



Here j,k = 1,2 and j ^ k. Mj, Mk, M$ are the masses of Qi, Qj, $, and we assume 
Mj ~ Mfc ~ M$ with M$ < Mj such that $ can be on-shell in the loop. Following the 
convention in Table [Tll we take the trilinear coupling, M, to be real. The CP phase that 
contributes to the asymmetry is in Y^. In half of the parameter space we end up with 
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negative L-number in the SM sector and positive L-number in the preon sector. 

The natural scale of M is M ~ M, that is r ~ 1. (Yet, in the following we investigate 
the allowed parameter space letting the ratio r to vary.) The main result from Eq. flMl) is 
that we can get very large lepton asymmetry. Thus, we have to check if washout effects can 
reduce the asymmetry to the observed level. 

There are two kinds of washout processes: inverse decays and scattering that equilibrates 
the L-number. Here, we would like to demonstrate that we can get Dirac-LG. Thus, we 
only try to find some parts of the parameters space that can produce the observed value of 
the asymmetry. We concentrate on the part of the parameter space where the equilibrating 
scattering is negligible, that is, where the equilibrating rate between positive and negative 
L-numbers is slower than the expansion of the universe. 

The parameter space where equilibrating scattering is negligible can be found as follows. 
First, when T < M the only equilibrating process in our case is AL — > Ht/jip, coming from 
the diagram in FigHJ Its interaction rate can be estimated as 

fl.,lT~mF'l=f^)'4 (35) 



Here the M ® factor comes from the masses of virtual Q and $. Unlike the original Dirac LG 



scenario 



11] where Reg oc T, in our case Reg drops much faster than H, that is, Reg oc 



Thus, if the equihbrating is slower than the expansion just when fl begins to decay, that is, 

Re,\T=M ~ ir^rir^lV^M < h\t=m ~ lO"''^' (36) 

then the equilibrating rate after this is always smaller than the expansion rate. In that 
case scattering is very rare and can be neglected. That is, by choosing the parameter space 
satisfying eq. (I36p . we only need to include the inverse decay for washout effect. 

Within this range of parameters we only need to study the effect of inverse decays. The 
L-asymmetry is given in eq. (IMIl . We see that for r > 10"'^, the inverse decay must 
be significant in order to reduce the asymmetry into the observed value, Yab ~ 10^^°. 
When including the efficiency factor given by the strong inverse decay, eq. fl28|) , we have the 
asymmetry 

Fab,. - 10-^ X x ~ 10"^^ x x IY^'t^- (37) 

If the inverse decay lowers the baryon asymmetry to the observed value, Y^b ~ 10^^°, the 
following condition should be satisfied 

r'ly'r^ - 10^ (38) 

We are ready to find a region of the parameter space that gives successful Dirac-LG. 
Besides the two constraints eqs. (I36l) and (|38|1 we also have a constraint from the Dirac 
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neutrino mass 



= \Y''\\Y^\e\ ~ IQ-^ eV. (39) 

We also require e = (A/M) < 10^^, in order justify integrating out the heavy scalars. Then, 
eq. fl39l) gives 

r|F^||F^| > 10"^ (40) 

Last, we use l^"^], \ Y^\ < 1 in order for perturbation theory to work. Then, combining 
eqs. ( l36l) . (j38ll and (l40l) we find a representative region in the parameter space that gives a 
successful Dirac-type LG: 

IQ-V < \Y^\ < 1, < 10" \Y^\ < 1, M > lOTeV, 

10~V"^TeV < M < lOV-^TeV, e < 10~l (41) 

As an example, when r = 1, the following parameters give a successful Dirac-LG with strong 
washout effect 

\M\=M M = 10TeV = 10"^ = 10"^ 6=10"^ (42) 

When r = 10"^, the following parameters give a successful Dirac-LG with weak washout 
effect 

|M| = lO-^M M = lO^TeV \Y^\ = 10"^ = 10"^ e = 10"^ (43) 

We note that when r > 10"^, the Q mass can be as low as 10 TeV, which is, much lighter 
than the Majorana neutrino mass in the standard LG. The reason that we can get low energy 
LG is that the Dirac neutrino mass is not directly related to the lepton asymmetry. That 
is, in the composite model the neutrino mass is suppressed by a factor (A/M)^. The lepton 
asymmetry, however, is proportional to r, which is not a very small parameter. In standard 
LG, on the contrary, both the neutrino mass and the lepton asymmetry are proportional to 
the Yukawa couplings and thus they cannot be too small. 



V. DISCUSSIONS AND CONCLUSIONS 

We investigated models of composite RH neutrinos. First we find several UV completions 
of the models. These full models are not expected to be unique. They serve as an example 
that such models can be constructed. Then we moved on to study leptogenesis in these 
models. We find that such models can naturally give leptogenesis. In particular, we discussed 
two possibilities corresponding to different temperatures and particle contents. In the lepton 
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number violating model we find that they can give standard LG from RH neutrino decay. In 
models with lepton number conservation, we find that they can provide a realization of low 
energy Dirac LG. We conclude that the idea of composite RH neutrino is phenomenologically 
interesting: it naturally gives small neutrino masses and successful leptogenesis. 
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APPENDIX A: MATCHING THE UV THEORY TO THE EFFECTIVE THEORY 

In this appendix, we obtain the effective Yukawa and L-violating couplings in eqs. ([1]) 
and by integrating out the heavy fields in eqs. (ITU]) - !!!^ . This gives the relations between 
the effective couplings A, h and those of the full theory. 

We start from rewriting eqs. (fT0|) - (fT5|l keeping all the indices explicitly 



YgiAabm^lnnP'g"^ -^ioLTi + h.C, (Al) 

MgH^^'^''ng,aa + h.c, (A2) 

>7)'^/a™CTL$"V/'6n + h.C, (A3) 

opqrst uvwxyz ^ab A 2 t\t a_ h r- ( t^A\ 

yf^H'^L^.Nk + h.c. (A5) 



where here the upper indices represent the hermitian conjugate of the fields. As we can 
see in eq. (lASp . the antisymmetry in the spinor and the SU(6)c indices require Yjj-, to be 
antisymmetric. The indices here are quite cumbersome, and we write them only when it is 
necessary in the following calculation. 

To obtain the effective Yukawa coupling as an (ipAipLH) vertex, we need to integrate out 
the heavy Q and $ fields in Fig. [T^. The Q and $ related couplings, including their mass 
terms and three vertices in the diagram, is 

- M^n^n - M2$t$ + Y^^$t^ + Y^t^t^^t + Mt(]t$^ + h.c. (A6) 
After integrating Q and $ out, and using the convention \M\ = rM, we obtain 

1 ^yLt^yA(^t^t^)(^T^) + /^.c.] (A7) 
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Writing the indices explicitly, we can rearrange the fields into a more transparent form for 
composite neutrino 

where 

Xff'^ = Yl^^rYff, ^ A ~ r|r^||r^|. (A9) 

Note that the second equality implies that when interchanging //', the antisymmetry of A"-^ 
and Y^fi makes the whole RH neutrino part invariant. This gives the correct form for -B//', 
the massless composite neutrinos. 

For the L- violating coupling, eq. ([5]), we need to include the heavy Majorana fermion N. 
The related couplings in Fig. [T]d are: 

- MNN - M2$t$ + Y^^N^A^^A + + h.c. (AlO) 

After integrating out and we obtain 

4M5 (^'^^-4-)(At^^^) + h.C. (All) 
Writing this in a form that is best for studying composite neutrinos, we have 

Wfm(rmn^f'nAl)a^p{Aplljgsa,ttljg>t) = 

where 

/^//W = l(yA^yA^t)(yA^y^t) ^ ~ (A13) 



APPENDIX B: CALCULATION OF /x ^ 67 



In this appendix, we calculate the bounds on M given by the lepton fiavor violating 
(LFV) process fi —>■ 67. The vertices and the kinematics of the LFV process are shown in 
Fig. [3 

Throughout the calculation, we neglect the mass of the out-going electron. We first 
evaluate the amplitude of the diagram where the photon coming from the external muon. 
This diagram scales as the electron mass and thus vanish in the limit of massless electron. 
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7 



7 




• ' k 

ip-k) 



Ik - q) 



A 



FIG. 3: In the upper part are the vertices we use in the calculation: (a) —it'^^ (b) —ie{p + p')^ (c) 
iY^ . The lower part are the kinematics we use in the calculation. The case with the photon going 
out from e is not shown, since we can obtain the result directly from the first diagram. 



Explicitly the diagram gives 



M, 



d^k ^ -1^ 



(27r)4 {k^ - M^){p' - ky 



(j)l2 _ ^2 



pl2 _ 



2 y'^M- 



(Bl) 



Here M, m^, irte are the masses of f2, /i, e, we use p' = {p — q), and is the polarization 
of the outgoing photon. Integrating out the loop momentum and doing the dimensional 
regularization, we get the amplitude as 



M, 



1 



(B2) 



Here 7 is the Euler-Mascheroni constant, e = 4 — and we take d —>■ 4 for the finite terms. 
We use the condition of transverse polarization 



0, 



0, 



0. 



(B3) 



Then, we see that the diagram vanishes, that is, M 



0. 



The amplitude of the diagram where the external photon is emitted by the electron can 
be written as 



= --(--9) (^(-^^^) y j^^ k^-M^p-k/ '^'^''^ 



e9 2 



d^k 



(27r)4 (k^-M^){p-ky 



(B4) 
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Integrating out the loop momentum and doing the regularization, this gives 



e— >7 



-Up 



327r2 



J 



- - 7 + ln(47r) + 1 - In + - f — V 
e ^ ^^ 2 3\M J 



327r2 



--7 + ln(47r) + i-lnM2 + i f^V 



(B5) 



when keeping terms up to order 0{mi/ M"^). 



For the case with the photon coming out from the internal VL (see Figl3]), the amplitude 



IS 



-ie{2k - qY) 



{2tiY {k - qf - M^^ ^^'"'^ ' {k^ - M^){p-kY^^^'^''^^ 
d^k {2k - I/) 



(B6) 



(27r)4 ((A; - qf - M2)(P _ M^){p - k)\ 

Integrating out the loop momentum, taking rrie = and using the transverse polarization 
condition, eq. (IBSp . we get the amplitude when keeping the terms up to 0( 



ielY 



L|2 



327r2 



- 7 + ln(47r) H In + 



1 /m^y 

6 vm; 



(B7) 



Combining the three diagrams, we have 



M, 



ielY 



L\2 



1927r2 \MJ 

Using nie = and eq. fIBSp . we can write the result into the well known dipole operator 



B8) 



— ^ fi 



7687r2 VmV 

Averaging the incoming muon spin, the amplitude square becomes 



< |M|2 > 



g2|yL|4 



,m 



M \4 



spin 



2 X 19227r4' M 



L|4 



This gives the decay rate 



r(/i ^ 7e) 



< |M|2 >,p,„ 



dQ 



96V \M4 



768%^ M^' 



(B9) 



(BIO) 



(Bll) 



Comparing to the total muon decay rate -j^2^ , this gives the branching ratio 

Br[ji — >• 7e) 



30727rG|,M4 ' 



Comparing to the LEV bound today Br^ji eX) < 10 [6l], we have 

M > lOlF^lTeV. 



(B12) 



(B13) 
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FIG. 4: n — e conversion in nuclei emitted by photon and Z. 



APPENDIX C: COHERENT MUON-ELECTRON CONVERSION 



In this appendix we estimate the bounds from the LFV process of coherent muon-electron 
conversion (Fig. H]). For a review of the coherent conversion and how it can be used to put 
bounds on new physics, see [l^, Q for example. 

Our goal is to find the bound on M by comparing the theoretical expression with exper- 
imental data. Here we use the general result derived in [l3(] for the theoretical branching 
ratio. The low energy effective Hamiltonian is ISj 



H = —eOfi + h.c. 

O = -\f^TWi 'JaifEO 



g2 q,/3 

/mo75)^ + i(^al3 (/mi + /EI75) 



mf 



m,. 



675)7° 
(CI) 



and the final result of the conversion rate is 



Wr 



3 X 10^^(w^oL + "^co™) 



sec 



(1) 



m, 



w. 



(2) 



Gf ml 



y/2ATTZa 



a(Z(2 + Cd)Ip + N{1 + 2q)4) + /Mi/34 



b{Z{2 + ca)Ip + N{1 + 2cd)In) + fEih^ 



where 



(C2) 



(C3) 



jp = -{II + If), /„ = -(/r + j^"), J34 = /3 + h. 

Here q represents the photon momentum, and the terms containing A" in the Hamiltonian 
describe the transition that is mediated by a photon. The J's in the last part are coefficients 
for various elements including the proton-neutron distribution function and the EM field 
inside the nucleus. They have been calculated in for various materials. 

We are ready to use these results in the composite model. The rate of fiN eN arising 
from the preon sector is given by the six diagrams in Fig. HI Doing the same calculation as 
in appendix B but allowing the out-going photon to be off-shell, the coefficients in eq. flUip 
are of order 



EO 



-/a/0 ~ ~ — /Si 



\Y 



L\2 



m, 



7687r2 M2 ' 



Cd 



1. 



(C4) 
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Given these coefficients and the /'s calculated in [l^, [l^ (which are of order 10 ^ GeV '^), 
the conversion rate with target 22^^ can be estimated as: 

w.on. - 10''\Y^\' (^^y sec-' . (C5) 

Comparing to the experimental total muon capture rate w{Ti)cap = 2.6 x 10^ sec~^ [l^, this 
gives the branching ratio of the conversion as 

5r(/i ^ e,Tt) = ^ = 10«|r^|^ (^)\ (C6) 

Comparing to the experimental limit i?r(/i ^ e) < 1.7 x 10^^^ 0], this gives 

M>10|F^|TeV. (C7) 
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